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wobble base pairs in which no preferential pairing mode has been observed. In this study, we have
performed a systematic nuclear magnetic resonance (NMR) investigation to study the sequence con-
text effect on the pairing modes of TT mismatches. Our results reveal for the ﬁrst time that prefer-
ential pairing mode does exist in TT mismatches with speciﬁc type of ﬂanking base pairs.
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DNA mismatches occur in vivo as a consequence of: (i) errors in
DNA replication [1,2], (ii) heteroduplex formation during homolo-
gous recombination [3], (iii) spontaneous deamination of cytosine,
[4] or (iv) base damage by mutagenic chemicals or ionizing radia-
tion [5–7]. These mismatches are potentially mutagenic and may
cause local structural deformations. Fortunately, most of these
mismatches can be recognized and repaired by DNA repair en-
zymes [8–10]. The mismatch repair efﬁciency has been found to
depend on both the types [11] and the ﬂanking sequences [12–
14] of mismatches.
There are a total of eight different types of mismatches, namely,
CC, GG, AA, TT, CT (or TC), CA (or AC), GT (or TG), and GA (or
AG). Among them, GG, GT, GA, CT, and TT have been character-
ized to form two hydrogen bonds mispairs [15–18], while AC, AA,
and CC form only one hydrogen bond [18,19]. As an initial attempt
to understand the effect of nearest ﬂanking residues on mismatch
structures, we have decided to study TT mismatches because two
stable wobble base pairing modes with distinguishable hydrogen
bonding interactions have been observed [20,21]. Moreover, we
have recently determined that TT mismatches can occur in the
slipped structures formed by single strands of CTG and CCTG re-
peats, leading to repeat expansion during DNA replication and thuschemical Societies. Published by E
State University, Universitythe onset of myotonic dystrophy types 1 and 2 genetic neurological
diseases, respectively [22,23]. Therefore, a detailed structural study
of the sequence context effect on TTmismatcheswill help to under-
stand the formation propensity of slipped structures in CTG and
CCTG repeats.
TT mismatch has a local destabilizing effect conﬁned to its
nearest-neighboring base pairs in DNA duplexes [24–26]. Instead
of looping-out of a double helix, it forms a wobble base pair,
intercalated in the helix with very little distortion of the su-
gar-phosphate backbone [20,26,27]. There are two types of TT
wobble base pairing modes, namely, ‘‘W"’’ and ‘‘W;’’, which have
been used to suggest how the two mismatched thymine imino
protons form hydrogen bonds with the two carbonyl groups
[21]. In order to have a clear deﬁnition of the two pairing
modes, hereafter, we deﬁne ‘‘W"’’ and ‘‘W;’’ in the following
way. First, we arbitrarily choose a T residue in a TT mismatch
as a reference T (Tref). Then, ‘‘W"’’ refers to the pairing mode
in which Tref uses its imino H3 and carbonyl O4 to form hydro-
gen bonds with the carbonyl O2 and imino H3 of its opposite T
(Topp), respectively (Fig. 1A). For ‘‘W;’’, Tref uses its imino H3 and
carbonyl O2, instead of O4, to form hydrogen bonds with the
carbonyl O4 and imino H3 of Topp, respectively (Fig. 1B). NMR
line width analysis has suggested that both pairing modes can
undergo a rapid interconversion between themselves in a DNA
duplex [21]. In this study, a systematic NMR study has been per-
formed to investigate the sequence context effect on the pairing
modes of TT mismatches. Our results reveal that preferential
pairing mode does exist in TT mismatches when Tref is ﬂanked
by only purines or pyrimidines.lsevier B.V. All rights reserved.
Fig. 1. (A) A thymine residue is chosen arbitrarily as Tref from a TT wobble base
pair. ‘‘W"’’ deﬁnes the TT pairing mode in which Tref (residue in black) uses its
imino H3 and O4 to form hydrogen bonds with O2 and H3 of Topp (residue in grey),
respectively. (B) ‘‘W;’’ deﬁnes the wobble pairing mode in which Tref uses its imino
H3 and O2 to form hydrogen bonds with O4 and H3 of Topp, respectively. (C)
Sequence design in this study. X and X0 , Y and Y0 are any type of complementary
Watson–Crick base pairs. The sequence was named ‘‘XTY’’ according to the three
residues XTY in the top strand. T4 was chosen as Tref in this study.
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2.1. Sample design
Fig. 1C shows the design of a 15-nt DNA hairpin containing a TT
mismatch, in which X and X0, Y and Y0 are complementary Watson–
Crick base pairs ﬂanking the TT mismatch. X and Y can be a C, G, AFig. 2. WATERGATE-NOESY spectra at 0 C showing the imino H3-methyl H7 regions of T
(D) TTT. The chemical shift axes were swapped in (C and D) to show better resolution oor T residue. In order to simplify the sample preparative work, a
50-GAA loop is used to connect the top and bottom strands of the
duplex. By changing the nearest-neighboring base pairs of the TT
mismatch, a total of 16 sequences containing different XTY triplets
were resulted, allowing us to determine the sequence context ef-
fect on TT pairing modes. These sequences were named according
to the XTY triplet in the top strand. For instance, ‘‘XTY’’ refers to the
sequence containing a TrefTopp mismatch in the stem region of a B-
DNA duplex and Tref is ﬂanked by 50-X and 30-Y.
2.2. DNA samples
All DNA samples were synthesized using an Applied Biosystems
model 394 DNA synthesizer. Then, they were puriﬁed by denatur-
ing polyacrylamide gel electrophoresis and diethylaminoethyl
Sephacel anion exchange column chromatography, and ﬁnally de-
salted using Amicon Ultra-4 centrifugal ﬁltering devices. NMR
samples were prepared by dissolving 0.5 lmol puriﬁed DNA
samples into 500 ll buffer solutions containing 150 mM sodium
chloride (NaCl), 10 mM sodium phosphate (pH 7.0), and 0.1 mM
2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS). As a signiﬁcant
population of the duplex conformer was observed in ATC, ATT,
and TTC, these samples were prepared in a buffer solution contain-
ing no NaCl in order to enhance the hairpin population.
2.3. NMR study
All NMR experimentswere performed using Bruker ARX-500, AV-
500, or AV-700 NMR spectrometers. For sequential assignments of
non-labile protons, the solvent was exchanged to 99.96% D2O and
conventional two-dimensional (2D) nuclear Overhauser effect spec-
troscopy(NOESY),double-quantum-ﬁlteredcorrelationspectroscopy
(DQF-COSY), and total correlation spectroscopy (TOCSY) were per-T mismatches that preferentially adopt W" pairing mode. (A) CTC. (B) CTT. (C) TTC.
f methyl region.
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signal. NOESY and TOCSY were acquired at a mixing time of 300
and 75 ms, respectively. A total of 512 free induction decays, each
consisting of 4096 complex data points were collected. For assigning
labile protons, the solvent was exchanged to 90% H2O/10% D2O.
4 k 512data setswere collected for 2DWATERGATE-NOESY exper-
iments, which were performed at a mixing time of 300 ms and 0 C
unless stated otherwise. The most upﬁeld signal of DSS was set at
0 ppm to serve as an internal chemical shift reference.
3. Results
The determination of TT wobble base pairing mode requires the
interpretation of NOEs between the imino and methyl proton sig-
nals of TT mismatches. To start, the thymine methyl H7 signals
were ﬁrstly assigned according to the sequential H6/H8–H10 NOE
assignment results as shown in the supplementary data (Appendix
A, S1–S16). Then, based on the analysis of the four imino-methyl
NOE intensities of each TT mismatch, namely Tref H3–Tref H7, Tref
H3–Topp H7, Topp H3–Tref H7, and Topp H3–Topp H7, the imino sig-
nals of TT mismatches were assigned together with the determi-
nation of the wobble base pairing mode as follows. For W"
pairing mode (Fig. 1A), with reference to the NOE-reﬁned TT mis-
match structure [28], the distance between Tref H3 and Topp H7 is
much longer than the other three H3 and H7 distances. Therefore,
the weakest imino-methyl NOE comes from Tref H3 to Topp H7. For
W; pairing mode (Fig. 1B), the imino-methyl distance between
Topp H3 and Tref H7 is much longer than the other three. Therefore,
the weakest imino-methyl NOE is from Topp H3 to Tref H7. Since the
methyl H7 assignments of Tref and Topp were known fromFig. 3. WATERGATE-NOESY spectra showing the imino H3-methyl H7 regions of TT mis
(C) GTA at 12 C. (D) GTG at 0 C. Some of these spectra were shown at different temper
were swapped in (C) for better resolution of methyl region.the sequential NOE walks of all 16 samples (Appendix A, S1–
S16), thereby W" and W; pairing modes were differentiated based
on the identities of the weakest imino-methyl NOEs of the mis-
matches. No preferential pairing mode was observed in cases
where all four imino-methyl NOEs were similar as both W" and
W; pairing modes were in rapid exchange with each other.
3.1. Preferential W" pairing mode
In this study, T4 of all 16 mismatched sequences were chosen as
Tref. If W"was the preferential pairing mode, then the weakest imi-
no-methyl NOE would come from T12 H7 to T4 H3. Among the 16
samples, CTC, CTT, TTC, and TTT were found to preferentially adopt
W". For example, through the NOE sequential walk in H6/H8–H10
region of CTC (Appendix A, S1), the methyl peaks at 1.539 and
1.582 ppm were assigned to T4 and T12, respectively. Among the
four imino-methyl NOEs at 0 C (Fig. 2A), the weakest one came
from T12 H7 to T4 H3, indicating W" pairing mode was preferred.
Similarly, a much weaker NOE belonging to T12 H7–T4 H3 was also
observed in CTT (Fig. 2B), TTC (Fig. 2C), and TTT (Fig. 2D).
3.2. Preferential W; pairing mode
If W; was the preferential pairing mode, the weakest imino-
methyl NOE would come from T4 H7 to T12 H3. Among the 16
samples, ATA, ATG, GTA, and GTG were determined to adopt pre-
dominantly W; pairing mode as evidenced by their imino-methyl
NOE intensities. For example, based on the methyl peak assign-
ment results of T4 and T12 of ATA (Appendix A, S5), the weakest
imino-methyl NOE was found to result from T4 H7 to T12 H3matches that preferentially adopt W; pairing mode. (A) ATA at 5 C. (B) ATG at 0 C.
atures in order to better resolve the imino or methyl peaks. The chemical shift axes
3956 G. He et al. / FEBS Letters 585 (2011) 3953–3958(Fig. 3A), indicating W; was the preferential pairing mode. Simi-
larly, such imino-methyl NOE result was also observed in ATG
(Fig. 3B), GTA (Fig. 3C), and GTG (Fig. 3D).
3.3. Exchanging W" and W; pairing modes
In addition to the above, therewere situations that the two inter-
nucleotide imino-methyl NOEs (i.e. T4 H7–T12 H3 and T12 H7–T4
H3) showed similar intensities, indicating both W" and W; pairing
modeswere populated. TheseNOEswere also usually slightlyweak-
er than the intra-nucleotide imino-methyl NOEs (i.e. T4 H7–T4 H3
and T12 H7–T12 H3). For example, based on the methyl proton
assignment results of T4 and T12 of CTA (Appendix A, S9), the two
relatively weaker peaks with similar intensities were assigned to
internucleotide T4 H7–T12 H3 and T12 H7–T3 H3 NOEs (Fig. 4A),
suggesting CTA had almost equal proportion of W" and W; at 0 C.
As shown in Fig. 4B, thesemismatched T4 and T12 imino peakswere
as sharp as that of T11 in A-T Watson–Crick base pair, supporting
that the two pairing modes underwent exchange rapidly. All
remaining seven sequences possess similar imino-methyl NOE fea-
tures (Appendix A, S17), suggesting the presence of exchanging
W" and W; pairing modes in these samples.Fig. 4. (A) WATERGATE-NOESY spectrum of CTA at 0 C showing the imino H3-
methyl H7 region of TT mismatch that adopts exchanging W" and W; pairing
modes. (B) The imino proton spectrum of CTA at 0 C.
Table 1
Pairing modes of TT mismatches with different nearest ﬂanking base pairs at 0 C.
Triplet Preferential pairing mode
Group 1: YTY
CTC W"
CTT W"
TTC W"
TTT W"
Group 2: RTR
ATAa W;
ATG W;
GTAb W;
GTG W;
Group 3: RTY or YTR
CTA W"MW;
CTG W"MW;
ATC W"MW;
ATTa W"MW;
GTC W"MW;
GTT W"MW;
TTG W"MW;
TTA W"MW;
a Data analysis was done at 5 C to minimize spectral overlap.
b Data analysis was done at 12 C to minimize spectral overlap.4. Discussion
By changing the 50 and 30-nearest-neighboring base pairs of TT
mismatches, the pairing modes of TT mismatches in 16 different
sequences were determined and the results were categorized into
three groups, namely: (i) Tref was ﬂanked by two pyrimidines, i.e.
YTY, (ii) Tref was ﬂanked by two purines, i.e. RTR, and (iii) Tref
was ﬂanked by one purine and one pyrimidine, i.e. RTY or YTR,
as shown in Table 1. From the imino-methyl NOE analysis, we ob-
tained a general conclusion that if Tref (i.e. T4 in this study) was
ﬂanked by two pyrimidines, the preferential pairing mode would
be W". If Tref was ﬂanked by two purines, W; would become the
preferential pairing mode. If Tref was ﬂanked by one purine and
one pyrimidine, both W" and W; would co-exist and they would
undergo exchange. Alternatively, a deformed conformation or
intermediate structure between W" and W; might also exist.
The presence of preferential pairing modes in TT mismatches
may result from CH/p interactions, which have been shown to be
an important stabilizing force between CH groups and p-systems
[29–31]. In double-helical DNAs, the CH/p interaction, thoughweak,
usually exists between thymine methyl protons and its preceding
purine C8 or pyrimidine C6 carbon [30]. In this study, the presence
of medium-sized NOEs between T4 H7 and its preceding purine
H8 or pyrimidine H6 in all 16 TT samples (Appendix A, S1–S16) re-
veal the thymine methyl group and its preceding base are close in
space, thus the presence of CH/p interactions are likely. When Tref
in a TT mismatch is ﬂanked by two pyrimidines, CH/p interactions
will be present between: (i) the Tref methyl group and its preceding
pyrimidine, and (ii) the Topp methyl group and its preceding purine
(Appendix A, S18A). These interactions help position Tref and Topp
to form Tref H3–Topp O2 and Tref O4-Topp H3 hydrogen bonds, thus
adoptingW".When Tref is ﬂanked by two purines, CH/p interactions
will be present between: (i) the Tref methyl group and its preceding
purine, and (ii) the Topp methyl group and its preceding pyrimidine
(Appendix A, S18B). These interactions help position Tref and Topp
to form Tref H3–Topp O4 and Tref O2–Topp H3 hydrogen bonds, thus
adopting W;. When Tref is ﬂanked by one purine or pyrimidine, the
CH/p interactions between the Tref methyl group and its preceding
basewill be the sameas those for Topp (AppendixA, S18C). Therefore,
both W" and W;will co-exist and undergo rapid exchange.
It is interesting to note that the preferential pairing modes of
TT mismatches were only observed at low temperatures in thisstudy. At room temperature, i.e. 25 C, the thermal environment
provides sufﬁcient energy to the system which may overwhelm
the stabilization due to CH/p interactions, and thus the preferential
pairing mode is usually not observed. To demonstrate this, we have
Fig. 5. The NOE intensity ratio between the internucleotide T4 H3–T12 H7 and
intranucleotide T12 H3–T12 H7 of ATG at various temperatures. The grey areas
indicate the ranges of NOE ratio estimated for 100%, 50%, and 0% population of
W;. ATG preferentially adopts W; at low temperatures. At 15 C, the population of
W; pairing mode in ATG was reduced signiﬁcantly. The uncertainty in NOE ratio
was determined from the standard deviation of the ratio by repeating the NOESY
experiment three times at each temperature.
G. He et al. / FEBS Letters 585 (2011) 3953–3958 3957acquired 2D NOESY spectra of ATG at 0, 5, 10, and 15 C and ana-
lyzed the NOE intensity ratio between the internucleotide T4
H3–T12 H7 and intranucleotide T12 H3–T12 H7 (Fig. 5). Assuming
at low temperatures, there were (i) 100% W; in sequences ATA,
ATG, GTA, and GTG, (ii) 50% W; in ATC, ATT, CTA, CTG, GTC, GTT,
TTA, and TTG, and (iii) 0% W; in sequences CTC, CTT, TTC, and
TTT, then the corresponding NOE ratios would be 1.09 ± 0.04,
0.77 ± 0.06, and 0.47 ± 0.02, respectively. At 10 C or below, ATG
preferentially adopts W; and therefore the NOE ratios remain
fairly similar. At 15 C, a certain population of W; was converted
to W" or other open conformations, thus either lengthening the
average internucleotide distance between T4 H3 and T12 H7 or
altering the exchange rate of imino protons with water, which
led to a signiﬁcant decrease in the NOE ratio. Such a decrease in
the NOE ratio reveals the loss of preferential pairing mode at high-
er temperatures, providing an explanation for why the repairing
efﬁciency of TT mismatches at 37 C is the same when ﬂanked
by two purines or two pyrimidines [32].
5. Conclusion
The relationship between the pairing mode of TT mismatches
and their nearest-neighboring base pairs have been determined
in this study. For TT mismatches ﬂanked by nearest pyrimidines
in the sequence design of this study, W" pairing mode has been
found to be preferred while W; is more preferred in TT mis-
matches with nearest ﬂanking purines. Such preferential pairing
modes are only observed at low temperatures as interconversion
between the modes is feasible at room temperature.
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